Abstract. This paper describes a study dealing with a technological solution to measure gait quality in people suffering from multiple sclerosis (MS) by selecting objective parameters that focus on their step. Android mobile technology, online services and four wireless pressure sensors are used in concert for this purpose. The objective of this work is the early detection of deterioration of the patient so that a physician can quickly intervene. Tests were carried out on a group of 8 persons with MS, and these results were compared with a control a group of 6 healthy participants. The results indicated a statistical difference in 7 of 40 general step features, with a minimum σ = 0.013 and a maximum σ = 0.029. These characteristics showed differences between first and fifth metatarsals for each group. It was concluded that these parameters can be used to evaluate gait degeneration in people with MS and that further information could be obtained from measurements with sensors to monitor activities such as bending and inertial sensors.
Introduction
A great many studies are currently being conducted to assess gait quality for a variety of reasons. As examples, athletes who wish to analyse and improve their performance, patients undergoing rehabilitation, patient posture correction to avoid back pain, etc. Abnormal walking can be caused by various factors ranging from poor posture or habits [1] , foot shape [2] , improper footwear, back problems and even neuronal diseases [3] . At present, physicians evaluate patients who suffer from neurodegenerative diseases such as Multiple Sclerosis (hereinafter MS) by using brief performance tests. The brevity of these tests makes it difficult to obtain objective concise information about a patient's condition. In this regard, gait evaluation is highly prominent, because the various stages of neurodegenerative diseases include symptoms that affect a patients' capacity to walk and the number and frequency of pauses made during walking. Gait evaluation can be combined with specific information about the quality of the patient's step over the distance travelled. During the life cycle of the disease, MS patients lose the capacity to walk under controlled conditions. Thus, by measuring select parameters over time, it is possible to determine the evolution of a patient's condition and thereby how best to modify the medication and rehabilitative treatment initially prescribed.
This paper presents a technological application that integrates a mobile technique, an online platform and pressure sensors to analyze and store data about a patients' step over long time periods. Information about actual MS sufferers was obtained through collaboration with the Biscay Multiple Sclerosis Association (ADEMBI). The same system was applied to healthy individuals, which is referred to as the control group.
A series of characteristics was collected from the signals emitted by the sensors and statistical analysis of the MS group and control group was carried out using the Mann-Whitney system.
The system described consisted of three different parts: a hardware device placed on an insole that stores and sends data; a mobile device which collects the data by using an application and lastly, an online technology platform where the acquired parameters are processed and the results are displayed to assist the specialist during the monitoring of the patient. Simultaneously, the patient can access his/her own information on the mobile device or the online platform.
Background
At the present time, numerous studies are being conducted on the gait of persons with different diseases, including neuronal diseases. The possibility of using a device to help medical specialists monitor these patients is being explored. Developments in wireless sensors to measure pressure have proven promising. There is no doubt about their potential use, especially in biomechanics and in aiding diagnosis and evaluation.
The study described in reference [4] presents a method to check the fatigue in MS patients by using a camera and infrared-based system which measures parameters such as step length, height and width, flexion angle, etc.
Shu et al. [5] developed a system to measure and analyze foot plantar pressure using a sensor integrated in the shoe. This sensor was a matrix of textile pressure sensors, which renders them soft, light and extremely sensitive. The study by Saito et al. [6] also cited several advantages, including the avoidance of placing a data processor or microcontroller in the shoe, which helped to make their system smaller. Other advantages include lower energy consumption and greater autonomy. However, these improvements have affected accuracy, yielding a maximum of 250 kPa, while a typically obese individual reaches pressure spikes of 500 kPa.
In [7] the authors describe an insole that integrates 48 pressure sensors and triple axis accelerometer, gyroscope and magnetometer. The sensor signals are sent to a smart phone. Barth et al. [8] used a combination of accelerometers and gyroscopes to analyze and classify the gait in patients with Parkinson's Disease (PD). A wearable sensor system is described in reference in [9] to analyze gait during the Timed up and Go (TUG) test with PD patients. These authors also used a combination of accelerometers and gyroscopes to obtain information.
Continuing with the tests conducted on PD patients, a recent study centered on sensors worn on the waist to analyze posture and gait [10] . The information was sent to a smartphone where it was processed to be used later with the other results to determine the best treatment.
B.R. Greene et al. [11] [12] [13] provided a method for objective assessment of fall risk in older adults using quantitative analysis of gait and turning employing body-worn inertial sensors. This system used body-worn tri-axial gyroscopes streaming over Bluetooth to a touch screen mobile device. Statistics were displayed on the mobile device, providing a comprehensive assessment of a patient's mobility as well as a comparison against the normal range for age and gender.
Another study [14] was based on the body pressure center (PC), related to foot plantar pressure. The results of this study indicated clear differences when comparing the pressure center of healthy adults with adults suffering from MS.
The study described in reference [15] describes the major dissimilarities between patients suffering from MS and control subjects of the same age and sex. The main disparity between the two groups was that patients diagnosed with MS walked more slowly, taking wider shorter steps while keeping both feet on the floor longer during the gait cycle. One of the main details was that the variability of these characteristics was much higher in MS patients than in the control group. This fact makes quantification of this variability crucial, in tracking MS patients regardless of absolute data. In the study detailed in reference [16] it was concluded that patients with MS have a repetitive, but less adaptable manner of walking. An inflexible gait mode does not help MS patients to adjust their manner of walking to their surroundings and their manual tasks at a given moment.
As stated previously, this experimental system includes wearable sensors that send information via Bluetooth. Similarly, reference [17] describes a study conducted using wearable, wireless sensors.
Methods

Gait signal processing algorithm
The algorithm used to process the signals from the sensors was based on are ported study report [18] , where steps were detected using a mobile accelerometer. This algorithm defines a standard step time of 1.2 seconds, taking the center of the signal ±0.6 seconds as the initial search range for the first maximum signal strength. From this maximum, it displaces 1.2 seconds along the signal path. It checks values at 0.1 seconds to the left and 0.1 seconds to the right to locate a new maximum during each displacement. If the located maximum is in the first third of the search window, the maximum local strength is estimated to be established outside the search zone, so that the search zone is enlarged towards the left. If the maximum is located in the last third of the window, the same result occurs, but the search zone is enlarged towards the right. If the maximum is located in the second third of the window (center), it is considered to be the valid maximum signal. The search continues in the next window from the final maximum strength.
Arduino and mobile application
An Arduino platform was used. The model chosen was the Arduino mini 05 with an Atmega328 processor. Four of its analog inputs were used to take the measurements of the pressure sensors with a sampling frequency of 20 Hz. Communication between the device and the mobile receptor was conducted via Bluetooth.
An Android OS was used for the mobile application. The Android framework included various parts from the core of the device which offered integration and easy programming mechanisms such as those from the operating system itself to the middleware and main programs. Besides the programming facilities that Android offers, its use has increased in recent years, because it has been installed in many types of devices, from the simplest to the most complex, reaching all types of users.
Serv
The The following sections describe the modules that comprised the system and their parts and functions.
Sensors and mobile application
Four Flexiforce 25lb. load cells were placed in various insoles as shown in Fig. 1 . One load cell was placed under the hallux, two more under the first and fifth metatarsal and a forth under the heel. The signals were acquired with a sampling frequency of 20 Hz.
The user interacted with the data capture system using an application on the mobile device. The v 4.0 Android operating system was employed on the mobile device. The sensor capturing block captured data from the server and was initiated by pressing a button on the first screen of the application. GPS sensors were used rather than sensors integrated in the insole. The data sending block allowed the device to use an Internet connection via either 3 G or Wi-Fi, to upload the information to the server using the API REST implemented within the system.
Online platform
Once the data were collected, they were displayed on a web application that was accessible to the patient and the doctor. Web application users are divided into doctors, patients and administrators.
Data collection
The server used the API (explained in the following section) to capture the information sent by the mobile application. It received a chain of characters with the information sent from the sensors and parsed this so that could be read and processed.
Algorithm
This included a normalization phase and another data analysis phase to detect the steps. Normalization: different values from the analog input of Arduino were obtained and the pressure sensor values were replaced with actual resistance measurements. The resistance reading for a weight of 25 kg is approximately 50 kΩ.The manufacturer recommends calibrating the device using conductance rather than resistance, because the conductance output is linear with applied force. Output relationship between force and conductance is defined as:
The final normalization data provides the force each user applies in relation to his/her total weight. Thus, an 89 kg person who applies force of 8 kg will be apply10% of his/her total weight. b)
Step detection: there are four different vectors for step detection. These correspond to the values generated by the load cells {v1:v4}. This is based on a person using approximately 1.2 seconds to take a step. First, the central sample (X c ) of a total number of samples (N) of the vector (v) are located. Next, a sample margin equal to 1.2 times half the sample frequency (M) is obtained and M samples are taken both to the right and left of X c , which will be the first interval (F i ) where the sample base is located (X b ). X b will be the maximum value of the interval F i . 
Xc=
The next sample (X n ) was then taken at a distance of d = 2•M from X b on the left and the same previously defined margin is taken once again, locating the maximum value of the interval (S max ) for its storage again. The algorithm repeats the process iteration through from X n until it reaches the beginning of ν. Finally, the same operations are performed to locate the maximum values found to the right of X b .
After performing the previous operations, a check is run to determine if there is a maximum value between two consecutive maximum values. Once the maximum values have been calculated, the same operations are performed to locate the minimum values for each interval.
Finally, a check is run to see if there are two consecutive maximum or minimum values and the lowest or highest are deleted. Once these have been deleted, two new vectors, V max and V min are created. They only contain the maximum and minimum values whose difference is 1.5 times higher than the standard deviation.
Data reports
The graphs of the evolution of gait speed, steps, duration of stops, etc. for a sample of the last six months are displayed. Additional graphs can be displayed by pressing on each distance travelled. These include the number of stops, duration of each stop, relationship between time walking and time stopped and the complete progress of the distance travelled shown as a line with different colors indicating the time walking and standing still or the percentage of each one. Physicians can check the report via the web or create a PDF file with the information collected by the application.
Application programming interface
An API was designed to connect the mobile device application with the server's database, from which the webpage later obtains the information and displays it to doctors and patients. This interface is based on HTTP type requests with pre-established formats and differentiates the use depending upon the method within the HTTP protocol.
Research system
In order to check for variations between the two groups in the study, a statistical analysis comparing different walking gait characteristics was performed. This algorithm block included the normalisation stage and a step detection algorithm. The difference between these is that it was developed using Matlab to facilitate data analysis. The statistical results block does the following: once the steps have been clearly differentiated, the highest spikes obtained for each are used to find a series of characteristics such as the force exerted, step time, deviation between spikes, etc.
Results
A group of individuals who were diagnosed with MS (4 women, 4 men) formed the MS group and 1 woman and 5 men without any diagnosed disease comprised the control group. The participants' ages ranged from 21 to 53. They were requested to use comfortable and flat shoes to ensure that the shoes were similar among all subjects. This minimized the noise that different shapes of shoes could generate.
Once the insole was placed and the sensors attached to their legs, participants were asked to walk an imaginary 7.5 meter straight line, which had been previously measured and marked on the floor. The tests were conducted indoors under ambient conditions. Participants were required to accomplish this task four times without stopping, turning around each time. They were asked to walk normally.
Once the test had been completed, participants were asked to complete a questionnaire on the system. After having obtained the samples, each of the user's steps was studied to obtain the characteristics that were then statistically analyzed using Mann-Whitney. Fig. 2 shows the different steps detected for each of the four signals coming from the pressure sensors for a patient with MS.
The maximum values denote the moment at which the user placed the sole of his/her foot on the floor (flatfoot stage) and the minimum values depict when the foot is not on the floor. Step detection in a patient with MS A study of the information and characteristics of the MS patients and the control group when walking indicated that MS patients press their feet harder and do not control their foot movements very well. This latter information indicated there may be a difference in step variability.
Data were analyzed using Matlab and the specific algorithm, which creating graphs of the steps. After differentiating steps, various strength spikes were used to obtain the different characteristics which were analyzed with the SPSS program using Mann-Whitney.
Ten − Standard deviation of the signal (C6) and maximum values (C10), − Area between: two minimum values (C7), two minimum values * height (C8), two minimum values * width (C9), The reason for studying the area of each peak of the signal was to determine if the relation between step time and force applied was longer for one group than for the other. The same area value can appear with different widths and heights. Therefore, a multiplication factor was used to place more weight on the step height and width.
The deviation between the maximum values was studied, because patients with MS show a higher variability when walking [15] . There is usually a high deviation between the different forces applied when stepping. The previous characteristics were analyzed in a nonparametric study (Mann -Whitney). There appeared to be a difference between the two groups if σ<0.05 was obtained. Table 1 shows that there is a significant difference in the first metatarsal (σMet1C7 = 0.0200, σMet1C9 = 0.0200) and in the fifth metatarsal (σMet5C1 = 0.0290, σMet5C3 = 0.0200, σMet5C4 = 0.0130, σMet5C6 = 0.0130, σMet5C10 = 0.0290). The third characteristic, the average of maximum values, refers to the mean of the moments when most force is applied. The fourth characteristic is the amplitude between the maximum and minimum values, referring to the force difference in the same step from the moment the foot is placed on the floor until it is back in the air.
According to Fig. 3, characteristic C5 , the time between each step, gives very high σ values (σHallucC5 = 1.0000, σMet1C5 = 0.9500, σHeelC5 = 1.0000), which demonstrates that the conducted tests show no significant difference. Fig. 3 shows a bar graph comparing the key characteristics. The areas obtained in the first metatarsal are shown as are the characteristics obtained for the fifth metatarsal.
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An experiment was conducted using the subject device to evaluate MS patients' walking along a using the 7.5 meter test distance that could be applied in a doctors' office. A quantitative study of the patients' step was performed to assist the doctor with objective evaluation information. Conducting short tests made it possible for patients with different stages of the disease to participate. This study revealed information about the patients' step whereas other [19] provide information about how MS patients walking along in the 7.5 meter test, comparing them with a control group.
The following section provides an in-depth review of each of the key points from the analysis of the results. The differences in force applied on the fifth metatarsal were analysed, with the statistical results and future areas of research.
It was observed that five of the MS patients applied a greater force on the fifth metatarsal when stepping (between 1.3902% and 8.7861% of the force applied with each step) than the control group (1.1364%-2.1484%).
After running Mann-Whitney on these data, it was observed that substantial differences were found for the first and fifth metatarsals, which demonstrated a greater difference at the moment when the foot is placed on the floor. The following section explains the various parameters obtained in Table 1 .
Significant differences were only found for the first and fifth metatarsals while none was found for the hallux and heel. Therefore, the main differences occur at the moment the subject's foot is placed on the floor.
For the first metatarsal, the substantial differences were found for C7 (the area beneath each step) and C9 (the area beneath each step multiplied by height). Both have a sigma value of 0.0020, which indicates a significant difference between the two groups. These characteristics demonstrate a relationship between the force applied when stepping and the time used for each step, which is greater in the case of MS patients. Multiplying the area obtained for height as well as for width allows one to determine if the area difference between the two groups is due to the force they apply when stepping or the time used for each step. In this case, the difference was observed in C9 and not in C8 (area multiplied by width), showing that main difference is due to the force applied and not the time used for each step.
The fifth metatarsal showed differences in the peak average and force exerted when stepping (σMet5C1 = 0.0290, σMet5C3 = 0.0200), in the amplitude of maximum and minimum values, (σMet5C4 = 0.0130) and in the variability of the signals (σMet5C6 = 0.0130) as well as the different pressure points (σMet5C10 = 0.0290). The force applied (C1, C3 and C4) was found to be greater in MS patients. The results for variability coincide with previous reports [15] , where the step variability for persons with MS was found to be higher than in the control group.
Very high σ values are shown for the time between each step, (σHalluxC5 = 1.0000, σMet1C5 = 0.9500, σHeelC5 = 1.0000), which demonstrates that there is no significant difference in the tests run. It is assumed that this result occurred because the test was too short and did not adequately demonstrate the MS patients' fatigue, which would occur when walking for longer periods of time. Some differences would probably result if tests were conducted for longer periods of time.
The present study uses the Mann -Whitney statistical test because of the small sample size (as was the case with a previous study [19] ), whereas in a recent report [15] the independent samples t-test was used to compare select parameters and detect differences between the MS patients and the control group. In this reported study, the GAITRiteTM analysis system was used. However, it is limited to use for short distances indoors while the system proposed in this paper can be applied to long distances outdoors by using wireless technologies.
Other studies combine pressure sensors and mobile applications [21] , which only shows the value of the pressure applied, but calculates with the data, showing parameters such as the center of pressure (COP). In the present study, parameters were displayed on the web and the mobile device which was not the case in other studies. Examples include duration of stops, number of stops, evolution, etc.
The following key points can be drawn as the conclusions of this study: − The two areas of the foot studied were the first and fifth metatarsals, for MS patients and the control group. o For the first metatarsal, the characteristics studied to determine the test subjects' evolution were the area between two minimum values and the area between two minimum values multiplied by the width. o The following characteristics should be studied for the fifth metatarsal: the average signal, the average of the maximum values, the average amplitude between maximum and minimum values, standard deviation of the signal and the maximum value deviation. The characteristics C4, the average amplitude between the maximum and minimum values, and C6, standard deviation of the signal are especially interesting because they show lower σ values. − The following characteristics did not prove to be relevant for study of the human gait in any of the cases: C2, average minimum value, C5, average step time and C8, area between two minimum values multiplied by height. − The time is not significant because the tests were run over very short time periods and the differences are very small. Lastly, the following topics of research should be considered in the future to further develop this area of research:
− Replicate the test over longer distances. This would eliminate those MS patients in advanced stages of the disease who are incapable of walking long distances. − Repeat the tests with a larger sample spaces, i.e. larger number of patients and other groups such as subjects with Parkinson's disease or the elderly. − Insert more pressure sensors on the floor to include more pressure points and also include angle sensors to detect the arch of the foot. − Adapt the system to other platforms such as iOS or Windows Phone.
